ABSTRACT Balaustium spp. mites are noted for their quickness, red color, population bursts, and ubiquity. Water balance characteristics of adults were assessed to determine their primary source of water to gain insight into the biology and physiology of these poorly studied mites. Characteristics of this mite show that it is xeric adapted, featuring a 71% body water content, 39% dehydration tolerance limit, and a modest water loss rate of 2% h
mites. This study seeks to provide a contribution to that area, in particular by determining this miteÕs primary source of water.
Availability of water is crucial to maintain adequate levels of body water for proper functioning, a relationship designated as water balance (Wharton 1985 , Hadley 1994 ). Because of their small body size (large surface area to volume ratio), mites have a propensity toward desiccation, and in response, they have developed numerous means to conserve water (Wharton 1985) . These features include an impermeable integument that restricts water loss, conservative metabolism that minimizes water loss from respiration, and excretion of solid urine (guanine). Additionally, water retention in erythraeid mites is probably facilitated by sealing off body openings (Wohltmann 1998) . Mechanisms observed in Acari that counter water loss to the environment and replenish their body water content (exchangeable water pool) include drinking free liquid water, actively absorbing water vapor from the air, or ingesting moist food, blood, or tissue ßuids. These characteristics are adaptations to accommodate moisture requirements for life in a particular environment (Hadley 1994) .
The purpose of this article was to construct a water balance proÞle of adult Balaustium sp. and to identify its primary source of water to help better understand 1) habitat preference, 2) potential for spread into new areas; and 3) critical features for survival contributing to the ability of this mite to thrive. In particular, we determined body water content, dehydration toler-ance limit and water loss rate, and tested for the ability by these mites to drink free water as well as to absorb water vapor from atmospheric air. Determination of these water balance characteristics was gravimetricbased and followed the standard methods and equations of Wharton (1985) with modiÞcations by Cutcher (1973) , Kahl and Knü lle (1988) , Gaede (1992) , Yoder and Spielman (1992) , Hadley (1994) , Gaede and Knü lle (1997) , Yoder and Hoy (1998) , Yoder and Houck (2001) , Yoder et al. (2004) , and Benoit et al. (2005) . Another acceptable approach involves loading and clearance of tritiated water 3 HOH (Wharton 1985) , and this method produces results comparable to gravimetric analysis without the use of radioactive tracers (Knü lle and Devine 1972, Glass et al. 1998, Yoder and Knapp 1999) . A comprehensive review of water balance characterizations for a wide range of arthropod life cycle stages, habitat types, and water balance strategies has been compiled by Hadley (1994) and was used in this study to interpret the water balance features of Balaustium sp.
Materials and Methods
Mites. All mites were collected from a thriving population (comprised of thousands of individuals) inhabiting the concrete foundations of the Barbara Deer Kuss Science Center at Wittenberg University (SpringÞeld, OH). Mites were collected by means of an aspirator and placed into mesh-covered vials. This species of Balaustium does not seem to match any previously known Balaustium spp. and is presently being investigated by mite taxonomists; voucher specimens are housed in the Acarology Laboratory, The Ohio State University, Columbus, OH, specimens number OSAL 013113. Site sampling was performed from 0700 to 1300 hours on 20 Ð25 May 2005. Mites were used for experiments within 1 h of collection. Adults were identiÞed using Balaustium mite females Þgured by Newell (1963) and Gabrys (2000) .
Experimental Conditions. Basic observations were conducted at 25 Ϯ 0.5ЊC and a photoperiod of 14:10 (L:D) h in environmental cabinets to allow for comparison with other arthropods (Hadley 1994) . Relative humidity (% RH; still air conditions) of 98% RH was generated by a glycerol-distilled water solution (Johnson 1940) ; saturated salt solutions with an excess of solid salt were used for 85% RH (KCl) and 93% RH (KNO 3 ) (Winston and Bates 1960) ; anhydrous calcium sulfate (CaSO 4 ) generated 0% RH (Toolson 1978) and deionized double-distilled water generated 100% RH. These particular relative humidities were chosen for consistency to conform to other water balance studies (Cutcher 1973 , Kahl and Knü lle 1988 , Gaede 1992 , Yoder and Spielman 1992 , Wohltmann 1998 , Yoder and Hoy 1998 , Sigal et al. 1999 , Yoder and Houck 2001 , Yoder and Benoit 2003 , Benoit et al. 2005 . Relative humidities were maintained in sealed glass desiccators (8,000 cc; Fisher, Pittsburgh, PA) and measured biweekly with a Taylor hygrometer (Ϯ3% RH; Fisher). Mites were handled using an aspirator and housed individually in 1-cc mesh-covered chambers so that each could be monitored and tracked individually. Chambers were placed on perforated porcelain plates to prevent contact with ßuid in the bottom of the desiccators.
Individual mites were weighed and monitored singly using an electrobalance (Ϯ0.2 g SD, precision Ϯ6 g, accuracy at 1 mg based on Þve separate measurements of a 1-mg weight at 2-mg range; CAHN 25, Ventron Co., Cerritos, CA). Each mite was transferred from its chamber into the weighing pan of the balance, weighed, and then returned to test conditions. Mites were out of experimental conditions for Ͻ1 min during mass determinations. Before use in an experiment, mites were predesiccated (25ЊC and 33% RH) by monitoring until 4 Ð 6% of their body mass had been lost to minimize the effects of digestion, reproduction, and excretion on mass changes (Arlian and Ekstrand 1975) ; thus, observable mass changes only reßect ßuc-tuations of water levels in the mite (Wharton 1985) . Activity of water in the vapor phase (a v ) is equal to % RH/100, and a w represents the activity of water as a liquid, which is equal to 0.99 a w in an arthropod (Wharton and Richards 1978, Wharton 1985) . The 0.99a w is based on mole fraction, representing 99% of the molecules that make up an arthropod (Wharton 1985) and is the activity of the hemolymph (Sigal et al. 1991) . Expression of water content as an activity is essential to examine water ßux because it represents a chemical potential that enables water inside the body to be linked to the surrounding test vapor in ambient air (Wharton 1985) .
Water Content (Exchangeable Water Pool). Mites were weighed to obtain the initial (f, fresh) mass. Mites were then dried at 0.00 a v and 90ЊC in a drying oven for 1 wk to obtain dry mass and were weighed on three consecutive days thereafter to ensure that mass remained constant, indicating that specimens had been dried to completion. Dry mass (dm; NB: d is the correct designation for dry mass, Wharton 1985; dm was used in this article as requested by the journal to avoid confusion with d for day) was subtracted from initial fresh mass (f) to calculate the amount of water in the miteÕs body (ϭm, water mass) as described by Wharton (1985) :
Water mass (m) was used to calculate percentage body water content:
In a separate group of mites, after an initial weighing, mites were exposed to 0.00 a v and 35ЊC to determine the lowest amount of body water required for life. Successive mass determinations and observations (40ϫ) were performed every hour to assess whether mites could right themselves and crawl 10 body lengths; thus, each hour the mite was removed from its enclosure, weighed, examined for behavioral activity, and then returned to the enclosure and test conditions. A critical activity point was deÞned as the mass that corresponded to loss of ability to accomplish these tasks (Yoder and Houck 2001) , designating a lethal level of dehydration that was calculated as a percentage change in mass:
where m t is the mass at any time t (corresponding to the critical activity point mass in this experiment), and m 0 is the initial mass. The percentage change in mass is the amount of water loss that can be tolerated under these conditions and is an estimate of dehydration tolerance (Yoder and Spielman 1992) Water Gain. Ability to drink free water was examined by exposing mites, 10 at a time, to 15Ð20-l droplets of deionized (DI) water stained with 0.1% Evans blue dye in covered 100-by 15-mm petri plates (0.60 a v and 25ЊC). Behavioral observations using a 20ϫ hand lens were made hourly for 24 h. After a day of exposure to the droplets, the mites were rinsed with DI water to remove residual traces of blue dye from the mites, in particular from the gnathosoma and legs, and the mites were dissected in 1.0% NaCl under the microscope at 40ϫ magniÞcation. Detection of blue coloration in the gut was taken as evidence of drinking (Yoder and Spielman 1992) . At this particular concentration, EvanÕs blue dye is a tracer, and in previous studies (Londt and Whitehead 1972 , Yoder and Spielman 1992 , Kahl and Alidousti 1997 , Yoder 1998 ), it has not been shown to alter behavior after consumption.
Atmospheric water vapor absorption was examined by monitoring changes in water mass at 0.85, 0.93, 0.98, and 1.00 a v to test for long-term maintenance of body water content (m), which generally lasts for a period of several weeks (Benoit et al. 2005) . Mites were weighed, placed at a particular water vapor activity, and then reweighed at 6-h intervals. At the conclusion of the experiment, the mites were dried (0.00 a v and 90ЊC) and the dry mass (dm) was subtracted from each of the mass measurements to obtain the water mass (m). Because the activity of the miteÕs body water is 0.99 a w (Wharton 1985) , water loss is anticipated at 0.85 and 0.93a v by simple diffusion, that is, 0.99 a w Ͼ 0.93 a v with water movement traveling down the activity gradient. Water gain at vapor activities lower than 0.99 a w indicates that water has moved against the gradient and is evidence of an active water uptake mechanism necessary for absorbing water vapor. Water gain occurs in saturated air because 1.00 a v Ͼ 0.99 a w of the miteÕs body water. Thus, maintaining a relatively steady water mass in subsaturated air indicates that water loss is being balanced by gains from the air as long as the mites are not obtaining water from food or from drinking (Wharton 1985) , implying that water vapor serves as a primary source of water.
The lowest a v where absorption of water vapor occurs was determined by the hydration method (Yoder et al. 2004) . In this method, mites were held in saturated air (1.00 a v ) and monitored until they showed a 6 Ð 8% gain; the mites were weighed, placed at 1.00 a v , and then reweighed each day until they achieved this level of hydration. The mites were then placed at 0.98 a v for 1 d and reweighed; the mites were then dried to dry mass (dm), which was used to calculate the water mass (m), expressed as a percentage (equation 3). Similarly, a group of hydrated mites was reweighed after transfer from 1.00 to 0.97 a v , and a different group of mites was transferred from 1.00 to 0.96a v , dropping the a v 1 atm at a time until mites in the group failed to show a mass increase. Thus, a water mass increase indicates that active uptake of water vapor has taken place because these mites have been hydrated such that gain (positive increase in water mass) can only occur if an active mechanism is operating to move water against the gradient, that is, subsaturated (atmospheric air) to saturated (body water pool). The lowest water vapor activity where water gain from the atmosphere occurs is designated as the critical equilibrium activity (CEA) and represents where water balance, gain ϭ loss, is achieved (Wharton 1985) .
Contribution of metabolic water to atmospheric water gain was determined following the method described by Yoder and Denlinger (1991) . This was done by comparing dry masses (ϭfat; Hadley 1994) of mites that had been dehydrated (1.00 to 0.33 a v , each for 12 h at 25ЊC) with mites that had been rehydrated by exposure to 1.00 a v ; thus, 1.00 a v to 0.33 a v to 1.00 a v , each for 12 h at 25ЊC. Dry mass (dm) was determined after the last vapor activity exposure and was used to calculate water mass (m). That is, mites were weighed, placed at 1.00 a v for 12 h, and then transferred to 0.33 a v for 12 h. Finally, mites were dried to dry mass at 90ЊC over 0.00 a v . For the other treatment group, the mites were weighed, placed at 1.00 a v for 12 h, and then transferred to 0.33 a v for 12 h. Finally, mites were returned to 1.00 a v for 12 h to cause hydration and then dried to dry mass. Evidence of metabolic water production as a result of the hydration step (0.33 to 1.00 a v ) is that water mass becomes larger because fats (triglycerides; dry mass) are broken down (Hadley 1994) .
When investigating cases of active water vapor uptake, it is customary to include a microscopic examination of the mouthparts. If active water vapor absorption was used by adults of Balaustium sp., we would anticipate crystallized salts in association with the gnathosoma for a solute-driven oral uptake mechanism (Gaede and Knü lle 1997) as observed previously by scanning electron microscopy of the American house dust mite, Dermatophagoides farinae Hughes (Wharton 1985) , and lone star tick, Amblyomma americanum (L.) (Sigal et al. 1999 ). Preparation of adult Balaustium sp. was done by following procedures developed by Rupp (1990) , Sigal et al. (1999) , and Wolf and Reid (2001) , with an ascending series of ethanol (Sigma, St. Louis, MO) for dehydration, hexamethyldisilazane (Sigma) as the Þnal drying agent, and platinum during sputter coating.
Water Loss (Net Water Loss Rate). The method used to determine water loss rate of the mites conforms to standard practice as outlined by Wharton (1985) . Brießy, mites were weighed, placed at 0.00 a v , removed from their enclosures, reweighed every hour, and returned to 0.00 a v . At the end of the experiment, the mites were dried to dry mass (dm) and the dry mass was subtracted from each mass measure-ment to obtain the water mass (m). Rate of water loss (combined integumental or transcuticular water loss plus respiratory water loss) was derived from the slope of a regression on a plot of ln (m t /m 0 ) against time based on the exponential model of Wharton (1985) :
where m t is water mass at time t, m 0 is initial mass, and the rate (k t ) was expressed as percentage h
Ϫ1
. The experiment was conducted at 0.00 a v so that mass changes were not obscured by gains from water adsorbed passively onto the body surface (Wharton 1985) .
In previous examinations of water loss, we have traditionally included an Arrhenius analysis (rate as a function of reciprocal absolute temperature) to calculate the activation energy (E a ) for water loss and assess whether a critical transition temperature exists (CTT). This practice has been discontinued because CTTs arise as an artifact that frequently disappear when properly plotted (Yoder et al. 2005a ). More importantly, the "E a for water loss," upon which CTT is based, is not actually an E a in that it does not reßect a rate-limiting process by the standard physical chemistry deÞnition, and it fails to respond to an artiÞcial rate increase (Yoder et al. 2005b) , producing interpretations that are misleading.
Sample Size and Statistics. Data are the mean Ϯ SE of 30 mites for each experiment. A test for the equality of slopes of several regressions (Sokal and Rohlf 1995) was used to compare characteristics derived from regression lines.
Results and Discussion
Adult mites were 71.25 Ϯ 0.67% water. Initial (f) mass was 0.125 Ϯ 0.007 mg, dry mass (dm) was 0.036 Ϯ 0.005 mg, and water mass (m) was 0.089 Ϯ 0.004 mg. There were similarities in the size, shape, and water content of the mites, and water mass correlated positively with dry mass (y ϭ 2.2x ϩ 1.9, R Ͼ 0.91, P Ͻ 0.001; analysis of variance [ANOVA]), suggesting little difference in surface area-to-volume properties among individuals. Consistency in body and water pool size, timing of collection, and pretreatment are important considerations for this study of water balance because it implies that mites were physiologically synchronized to compensate for their unknown age. A percentage body water content averaging 70% is typical for the majority of arthropods (Hadley 1994) . Thus, the 71% water content of Balaustium sp. is not distinctive for this mite, and in fact, it matches water content in phytoseiid mites Galendromus occidentalis (Nesbitt) [Yoder 1998 as Typhlodromus occidentalis] and Euseius finlandicus (Oudemans) [Yoder 1998 as Amblyseius finlandicus]), American house dust mites (Arlian 1992 , Glass et al. 1998 , and the millipede mite Julolaelaps celestiae Uppstrom & Klompen (Yoder and Klompen 2001) . The key element from this analysis, displaying similarities in size and shape, is that water ßux was standardized for mites in the experiment with nearly the same amount of water available for exchange with the atmosphere.
The miteÕs water mass was depleted to 0.054 Ϯ 0.009 mg before critical activity point was reached. At this lethal level of dehydration, equivalent to losing 39.33 Ϯ 0.64% body water, mites displayed a lack of coordination, because their legs were retracted and curled underneath their bodies, making it difÞcult for them to right themselves and crawl. Dehydration tolerance limits vary considerably from Ϸ20 Ð50% loss for arthropods, but most can handle a loss of Ϸ35% of their water content (Hadley 1994) . Thus, adult Balaustium sp. fall within typical range for how much water (approximately two-thirds of body content) is necessary for survival. This minimal water requirement is consistent with the majority of mites and other arthropods that have been studied (Hadley 1994) , including both hydrophilic- (Yoder 1998 ) and xerophilic-adapted specimens (Yoder and Houck 2001) .
Higher water loss rates coincide with adaptation to a moisture-rich environment and low water loss rates indicate that arthropods are adapted to a dry environment (Hadley 1994) . Balaustium sp. lost 2.07 Ϯ 0.03% water h Ϫ1 (Fig. 1) and survived almost 1 d at 0.00 a v and 25ЊC. This survival duration corresponds with their ability to tolerate loss of a little over one-third of their body water given hourly water loss of 2% water h
Ϫ1
. Dehydration prompts certain mites to form clusters to enhance water conservation (Glass et al. 1998) , but adults of the Balaustium sp. displayed no such aggregation behavior, suggesting that they do not reduce water loss in this way. Water loss rate of Balaustium sp. adults seems to be reduced when considering surface area-to-volume properties because smaller Balaustium sp. lose water at the same rate as mites that are 2 to 3 times larger, such as millipede Julolaelaps celestiae (Yoder and Klompen 2001) for its size, Balaustium sp. seems to be modiÞed for water retention, suggesting that it is most appropriately classiÞed as xerophilic according to Hadley (1994) . Under this classiÞcation, Balaustium spp. mites seem to be differentially adapted to resist desiccation for survival in semiarid to arid habitats (Wohltmann 1998) .
Duration of survival increased with increasing vapor activity, and no evidence of mortality (legs retracted, body deßated, inability to move) was experienced until 3 to 4 d at 0.85 a v , 4 to 5 d at 0.93 a v , 7 to 8 d at 0.98 a v , and 12 to 13 d at 1.00 a v . Mites died synchronously (all at once), instead of over a period of several days. Slight gains in water mass occurred at 0.98 a v , but mites were unable to maintain water levels (Fig. 2 ) unless they were stored at 1.00 a v where the activity gradient was reversed, favoring gain (1.00 a v Ͼ 0.99 a w ) rather than loss (0.99 a w Ͼ 0.98 a v , 0.93 a v , 0.85 a v ). Water loss at 0.98 a v and gain at 1.00 a v (Fig.  2) implies that body water content equilibrates with moist air of 0.99 a v . This vapor activity coincides with the 0.99 a w activity of the body water, making gains possible only when water is a liquid because at 1.00 a v the air is completely saturated (Arlian and Ekstrand 1975 , conÞrming lack of an active uptake mechanism. In all cases, more water was retained (recorded as lower loss of water mass) as ambient a v approached saturation (y ϭ 1.6x ϩ 1.4, R Ն 0.89, P Ͻ 0.001; ANOVA) (Fig. 2) . Mites that showed water mass increases at 1.00 a v had a dry mass (0.032 Ϯ 0.07 mg) that was not signiÞcantly different from the dry mass of mites (0.036 Ϯ 0.05 mg) that had not been hydrated (F Ͼ 498.17, df ϭ 299, P Ͼ 0.05; ANOVA). Thus, measured water gains are wholly passive processes and cannot result from active water vapor uptake or metabolic water production; there is no CEA. Simply, changes in water mass of Balaustium sp. can be attributed to diffusion.
Gravimetric evidence that atmospheric water vapor is not a primary source of water indicates that mites must obtain water as a liquid. When Balaustium sp. mites were dehydrated until 8 Ð10% body mass had been lost and subsequently exposed to blue-dyed water droplets, some of the mites were observed inserting their mouthparts into the droplet and drinking the colored liquid. Because of their high activity level, mites made contact with droplets only by chance, because they did not seem to be attracted to the droplets, but once they encountered a droplet, they paused momentarily and drank for an interval Ͻ1 min and then continued crawling. After residual dye was rinsed from the external surface, dissection showed the presence of blue dye in the gut. We concluded that adults of this Balaustium sp. drink free water. An additional source of water is their food, more speciÞcally the hemolymph and tissue ßuids imbibed from spider mites, scale insects, and arthropod eggs. Survival in arid biotopes is probably enhanced further by retreat into crevices and availability of dewdrops as an additional source of free water. Noteworthy upon examination of the mouthparts is the prolonged sword-like stylet (Fig. 3A and B) that is suited for stabbing prey. None of the mouthparts or adjacent areas examined from 20 mites showed evidence of salt accumulation (Fig. 3C) .
The distinctive feature of the water balance proÞle of adult Balaustium sp. is their inability to absorb water vapor from the air. Another feature is their low water loss rate, making this mite able to withstand desiccation. Indeed, failure to absorb water vapor from the air has been reported for immobile stages (eggs and nymphs) of other erythraeid mites, which is compensated by resistance to desiccation stress, allowing them to thrive in arid climates (Wohltmann 1998) . We now extend this trend to include free-ranging adults of Balaustium sp. Absence of an uptake mechanism, distribution based on prey availability, and being a voracious predator (Newell 1963 , Wohltmann 1998 , Halliday 2001 suggest that the most likely source of water for Balaustium sp. is their prey. As such, the aggressive predatory behavior of Balaustium sp. may be attributed to its dependence on prey as its primary source of water.
